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Cytoplasmic polyhedrosis virus (CPV, genus Cypovirus) is a unique member of the family Reoviridae which lacks the outer
protective shells that exist in all other members, yet exhibits unusual stability. We have analyzed the effects of different acidic,
basic, detergent, and urea treatments on CPV capsids. The integrity of the CPV capsids was unaffected under high-pH
conditions that disrupted the orthoreovirus inner core, consistent with its ability to maintain structural integrity in extremely
alkaline environments during infection. However, it was sensitive to low pH, detergents, and urea, similarly to other viruses
in this family. The three-dimensional structure comparisons by electron cryomicroscopy of the intact empty CPV capsid with
the “spikeless” capsid whose turrets were removed by chemical treatments revealed the interaction footprint of the turret on
the capsid shell. The observed structural changes associated with the removal of the turret suggest critical structural roles
of the turret in maintaining capsid integrity in addition to its enzymatic activities. © 2002 Elsevier Science (USA)INTRODUCTION
The Reoviridae family is a group of segmented, dou-
ble-stranded RNA (dsRNA) icosahedral viruses that in-
fect a wide range of hosts, including plants, insects, and
mammals (Nibert et al., 1996; Regenmortel et al., 2000).
These viruses are self-competent transcription ma-
chines, possessing within the intact virus all the enzyme
activities necessary for mRNA synthesis and processing
(Nibert et al., 1996). On the basis of the structures of their
inner cores, the nine genera of this family can be divided
into two groups (Grimes et al., 1998; Hill et al., 1999;
Reinisch et al., 2000). One group, including rotavirus and
orbivirus, has smooth inner cores enclosed by complete
T  13 outer protein layers (Hewat et al., 1992; Lu et al.,
1998; Prasad and Chiu, 1993; Yeager et al., 1990; Zhou et
al., 2001). The other group, including orthoreovirus and
cypovirus (such as cytoplasmic polyhedrosis virus, CPV),
has 12 projections called “spikes” or “turrets” situated at
the vertices of the icosahedral cores (Dryden et al., 1993;
Hill et al., 1999; Nason et al., 2001; Shaw et al., 1996;
Zhang et al., 1999). These hollow turrets act as conduits
for releasing nascent mRNA synthesized by the tran-
scription enzyme complexes (TEC) that are located in-
side the capsid near the fivefold axes (Lawton et al.,
2000; Luongo et al., 2000; Nibert, 1998; Reinisch et al.,
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2452000). The turreted viruses have either incomplete (e.g.,
aquareoviruses and orthoreovirus) or completely absent
(e.g., cypoviruses) outer T  13 protein layers.
Except for viruses in the cypovirus genus, the infec-
tious viral capsids in Reoviridae contain double or triple
protein layers. The outer layer or layers not only play
functional roles in the viral attachment and penetration
during the infection, but also contribute to the mainte-
nance of the structural integrity of the inner capsid shell
(Lawton et al., 2000). Cypovirus is the only genus in
Reoviridae that has a single-shelled capsid and is thus
the structurally simplest member (Regenmortel et al.,
2000). Full CPV particles contain a genome of 10 dsRNA
segments and five structural proteins: VP1 (151 kDa), VP2
(142 kDa), VP3 (130 kDa), VP4 (67 kDa), and VP5 (33 kDa)
(Hagiwara and Matsumoto, 2000; Ikeda et al., 2001;
Zhang et al., 1999). The sequences of VP3 (Ikeda et al.,
2001), VP4, and VP5 (Hagiwara and Matsumoto, 2000)
have been determined recently but the exact locations of
all these proteins on the capsid shell remain unknown.
CPV capsid resembles the orthoreovirus core both struc-
turally and functionally. The capsid shell is made up of
120 copies of the major capsid shell protein (Hill et al.,
1999; Zhang et al., 1999), decorated with 12 turrets on its
icosahedral vertices similar to the orthoreovirus core
(Dryden et al., 1993; Hill et al., 1999; Zhang et al., 1999).
These turrets are involved in the posttranscriptional pro-
cessing of viral mRNA (Bartlett et al., 1974; Bellamy andKey Words: Cypovirus; cytoplasmic polyhedrosis virus;
cryomicroscopy; capsid stability; Reoviridae; spikeless cap
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channel with constrictions that are involved in regulating
the release of 5-capped mRNA (Reinisch et al., 2000;
Zhang et al., 1999). After replication and assembly, CPV
capsids can be occluded in a viral protein matrix (poly-
hedra) and released from the infected insect. Upon en-
tering the alkaline midgut of another insect through the
oral route, the polyhedra dissolve and the single-shelled
CPV virions are released to infect epithelial cells (Payne
and Harrap, 1977). Alternatively, nonoccluded single-
shelled CPV capsids are released to directly infect
neighboring cells in the gut of the same insect (Payne
and Harrap, 1977). Therefore, despite lacking the outer
shells of other reoviruses, CPV capsid retains infectivity
and maintains structural integrity even in the high-pH
environment encountered during infection in the midguts
of insects (pH 10.5).
In order to gain insight into capsid stability of this
structurally simplest member of the Reoviridae, we sys-
tematically assessed the structural integrity of CPV un-
der a variety of basic and acidic conditions and with
treatments of disruptive chemical agents such as deter-
gent and urea. We demonstrated that CPV, while sensi-
tive to low pH, detergent, and urea, was stable under a
variety of alkaline conditions and its capsid integrity
remained unaffected under high-pH treatment that dis-
rupted the orthoreovirus core. Three-dimensional (3D)
structures were reconstructed by electron cryomicros-
copy (cryoEM) for intact empty capsids (with spikes) and
“spikeless” CPV particles resulting from the chemical
treatments, allowing for the identification of the molecu-
lar boundary between the capsid shell and the turrets.
The intact empty capsid, which also exists in nontreated
CPV preparations, has the same capsid shell structure
as the full capsid except for the absence of internal
densities attributed to the dsRNA genome. The observed
structural changes around the fivefold vertices between
the “spikeless” and intact empty capsids suggest that
CPV turret plays an important role in maintaining the
capsid integrity, in addition to its multifunctional roles in
the posttranscriptional processing leading to the release
of mature mRNA.
RESULTS AND DISCUSSION
Stabilities of CPV capsids under low and high pH and
chemical treatments
CPV virions were subjected to various pH and chem-
ical treatments and the effects were examined by nega-
tive staining electron microscopy (EM). Previously, it was
shown that the turret protein 2 of the orthoreovirus core
could be selectively removed by incubating purified
cores at pH 11.8 at 4°C for 15 min, producing “spikeless”
core particles without turrets (White and Zweerink, 1976).
We examined the effect of the same treatment on the
integrity of CPV capsids. However, no spikeless CPV
capsids were identified after this treatment. We further
tested the effects of a series of basic and higher tem-
perature conditions on the CPV capsid integrity. These
conditions include treatments at pHs of 10.8, 11.8, 12.0,
and 12.4 at 37°C for different incubation time periods (5,
10, 15, 20, and 30 min). The shell integrity of most of the
CPV capsids was unaffected under these conditions.
Even with incubation of pH 12.4 for 30 min, it was rare
(1%) to observe any spikeless capsids. Under this con-
dition, most CPV capsids retained their structural integ-
rity, though a few particles with broken shells appeared.
These results demonstrated that CPV capsids are more
resistant to alkaline conditions than the orthoreovirus
cores.
We also assessed the stability of CPV capsids in
acidic buffer solution (pH 5.0) at different incubation
temperatures and for different time intervals. After 5 min
of incubation at 4°C, particles with broken shells began
to appear. The number of broken particles reached 20%
after 15 min. A small portion (5%) of spikeless particles
with otherwise intact shells was also observed. This
low-pH-induced structural breakdown of the CPV cap-
sids is further enhanced at higher temperature. The ma-
jority of the particles were broken after incubation at pH
5.0 and 37°C for 5 min. These results show that the CPV
capsid shell is sensitive to acidic conditions.
The CPV capsids were also sensitive to urea and
several commonly used detergents, including NP-40 and
Triton X-100. Most CPV capsids were broken when incu-
bated for about 5 min in the presence of NP-40 (for both
concentrations, 0.01 and 0.005%), 0.01% Triton X-100, or
urea (for concentrations of 5.5, 5.0, and 4.5 M). The
sensitivity to detergent and urea was nonspecific, since
very few spikeless capsids (1%) with intact shells were
observed after these incubations.
The differences in the stability of CPV capsids dem-
onstrated in the above experiments seem to reflect the
ability of the virus to establish productive infection in its
natural hosts. A progeny single-shelled CPV capsid,
whether directly released as a free virion or embedded in
viral polyhedra, can establish highly productive infection
under the alkaline environment either in the gut of the
same insect previously infected by its parental virus or in
that of a different insect not previously infected. Although
more resistant to the alkaline conditions than the or-
thoreovirus core, the CPV capsid is sensitive to an acidic
environment, urea, and detergents. These observations
suggest that CPV has evolved specifically to adapt to the
high-pH environment encountered during its normal in-
fection life cycle. It is interesting to note that most broken
particles observed in the above treatments still retained
prominent spikes/turrets, suggesting that the molecular
interactions between the turret and the shell are at least
as strong as those among the shell proteins. The en-
hanced connectivity between the turret and the shell in
CPV is probably required due to the lack of protective
outer shells such as those of the orthoreovirus.
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CryoEM and three-dimensional reconstructions of
CPV capsid with and without turrets
In order to further characterize the structural changes
of CPV capsids upon chemical treatments, we carried
out 3D structural studies by cryoEM. We optimized the
condition to increase the yield of spikeless particles by
consecutive incubation in an acidic solution (pH 5), fol-
lowed by an alkaline solution (pH 10.8) with 20 mM EDTA
(see Materials and Methods). These treatments resulted
in about 5% spikeless particles as examined by negative
stain EM and subsequently confirmed by cryoEM (Fig. 1).
The corresponding regions of the close-to-focus and
far-from-focus micrographs in a focal pair of the CPV
capsids that have undergone these treatments are
shown in Figs. 1A and 1B. Relatively large underfocus
values (4–5 m) were used for recording the far-from-
focus micrograph of the focal pair so that the spikeless
particles could be easily distinguished from intact empty
capsids by visual inspection. Three types of capsids can
be seen in each micrograph: full capsids containing
dsRNA that exhibit an electron-dense interior, empty cap-
sids with spikes (dot-dashed circle), and spikeless cap-
sids (dotted circle). The spikeless particles were all
empty capsids, completely devoid of the viral dsRNA that
can be seen as a characteristic fingerprint pattern in the
full capsid. As illustrated in the blown-up views of a
spikeless (Fig. 1C) and intact empty capsid (Fig. 1D) from
the far-from-focus micrograph, the presence of the tur-
rets/spikes is readily discernable in the intact capsid but
is clearly absent in the spikeless particle. It is interesting
to note that no noticeable RNA genome condensation
was observed in the full CPV particles under the high-pH
condition, similar to the situation observed in the infec-
tious rotavirus capsids under high-pH conditions in the
absence of ammonium (Pesavento et al., 2001).
Sets of spikeless particle images and intact empty
capsids were selected for 3D reconstruction from a total
of 34 micrographs based on careful examination of the
far-from-focus micrographs of the focal pairs (see Mate-
rials and Methods). Our final reconstructions were de-
termined from 192 spikeless and 185 intact empty close-
to-focus particle images (Fig. 2). The effective resolutions
for both reconstructions were estimated to be 29 Å using
the 0.5 criterion of the Fourier shell correlation coefficient
between two independent reconstructions (Bo¨ttcher et
al., 1997).
It is possible that some of the “spikeless” particles we
included in our reconstruction still retained a few of the
FIG. 1. CryoEM of CPV capsids after chemical treatments. (A and B) Representative areas of the close-to-focus (A) and far-from-focus (B)
micrographs of a focal pair of the CPV capsids that have undergone consecutive low-pH and high-pH incubations. The defocus values were 1.3 m
(A) and 4.3 m (B), respectively, as estimated from the incoherent average of the Fourier transforms of particle images (Zhou et al., 1996). One
representative spikeless and one intact empty capsid are indicated by dotted and dot-dashed circles, respectively. (C and D) Blown-up single particle
images of spikeless (C) and intact empty (D) CPV capsids from the far-from-focus (B) micrograph. The arrowheads indicate visible turrets/spikes
protruding from the surface of the intact empty capsids. (E and F) Verification of particle selection by comparison of computed projections with particle
images. The projections of 3D reconstructions were computed from the spikeless particle (E) and from the intact empty CPV particle (F) according
to the orientation of the particle in (D). The contrast transfer function of the micrograph shown in (D) was applied to both projections for better
comparison with the particle image in (D). The arrowheads in (F) point to the prominent turrets that match with those seen in (D). These turrets are
clearly absent from the projection of the spikeless particle reconstruction (E).
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FIG. 2. Three-dimensional reconstructions and localization of the molecular boundaries between the turret and the capsid shell. (A and B) Shaded
surface representations of the spikeless (A) and intact empty (B) CPV capsid reconstructions as viewed along an icosahedral twofold axis. Several
icosahedral five-, three-, and twofold axes are labeled. Two large protrusions (LPP) are indicated by arrows. The spotty densities floating on top of
the turrets are due to the presence of flexible A spikes extending from the turrets, which were not well resolved (Zhang et al., 1999). (C) Superposition
of the difference map (aquamarine) of the intact empty capsid and the spikeless capsid reconstructions on the spikeless capsid reconstruction
(yellow). (D) A close-up view of the region near the fivefold axis of the superposition map, revealing the interaction sites between the turret and the
capsid shell. Two neighboring turret subunits are indicated by the red and blue dashed lines. The three domains of each turret subunit are indicated
by “” for the anchoring domain, “#” for the attachment domain, and “C” for the constricting domain. (E) A close-up shaded surface view along the
fivefold axis of the spikeless reconstruction with the two contact sites between the turret and the capsid shell highlighted in blue. (F) A schematic
diagram illustrating the interactions among the structural components of the CPV shell (Zhang et al., 2002), including capsid shell proteins (CSP)
CSP-A (pink) and CSP-B (red), two large protrusion proteins (LPP, blue), and a turret subunit (TP, aquamarine).
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12 turrets that were not visible in their cryoEM images.
However, the following two observations suggest that
their presence should be negligible and thus should not
have contributed significantly to the final reconstruction.
First, no turret densities are detectable in the 3D recon-
struction of the spikeless particles (Fig. 2A), whereas the
intact empty capsid reconstructions (Fig. 2B) exhibit
spike densities similar to those observed in the un-
treated native capsids filtered to the same resolution
(Zhang et al., 1999). The average turret density is very
similar to the average shell density in the intact empty
capsid, indicating a full occupancy of the turret in the
particles included for the intact empty capsid reconstruc-
tion. Second, although the initial selection of spikeless
and intact particles was only based on visual inspection,
their classification was verified and refined by comparing
projection images computed from the spikeless and in-
tact empty capsid reconstructions by projecting along
the orientation of each particle, as illustrated in Figs.
1D–1F. The densities of six protrusions seen in the par-
ticle image (arrows in Fig. 1D) fully match those visible in
the projection computed from the reconstruction of the
intact empty capsid (arrows in Fig. 1F). No such protru-
sion densities are apparent in the projection computed
from spikeless capsid reconstruction (Fig. 1E). This
match indicates that the “spikeless” particle images in-
cluded in our reconstruction are indeed devoid of most,
if not all, of the spikes/turrets and that the intact empty
capsids contain most of the turrets.
The reconstruction of the intact empty CPV capsid (Fig.
2B) has the same appearance as that of full CPV capsids
(Zhang et al., 1999). The T  1 capsid shell has a radius
of 285 Å and is decorated on its icosahedral vertices with
12 pentameric turrets (also called B spikes) extending to
a radius of 360 Å. The capsid shell has 120 large pro-
trusions (LPP in Fig. 2B) and 120 structurally promi-
nent small protrusions or knobs (Zhang et al., 1999,
2002). The reconstruction of the spikeless capsids
(Fig. 2A) had similar surface features, including 120
large protrusions (LPP in Fig. 2) and 120 small protru-
sions, similar to the intact empty capsids except for the
absence of all the turrets. The absence of the turret
resulted in a pentagonal flat surface platform around
each fivefold axis. This platform is completely occu-
pied by the spike/turret complex in the intact particle
reconstruction (aquamarine in Fig. 2C). A flat surface
platform around each twofold axis exists in both the
spikeless and intact CPV capsids (Zhang et al., 1999). In
orthoreovirus, however, the large protrusion protein 2
binds to this twofold platform (Dryden et al., 1993;
Reinisch et al., 2000).
Identification of the molecular boundary between the
turret and shell
The molecular boundaries among the five turret pro-
tein (TP) subunits in each turret were resolved in the 3D
reconstruction of the full CPV at 8 Å resolution, but the
site of interactions between TP and the capsid shell
remained ambiguous due to their stronger interactions
and the complex nature of secondary structural elements
involved in these interactions (Zhang et al., 2002). A
direct comparison of the spikeless and intact empty
capsid reconstructions allows the identification of the
molecular boundary or the interaction “footprint” be-
tween the turret complex and capsid shell (Fig. 2C). The
major structural feature of the difference map (aquama-
rine in Fig. 2C) between the spikeless and intact empty
capsid reconstructions is 12 cylindrical turrets, 150 Å in
diameter and 80 Å in height (Figs. 2C and 2D). Each
turret subunit, as indicated in Fig. 2D by the dashed line,
has the shape of a “J” slanted at an angle of 45°
relative to the fivefold axis of the capsid. Three discern-
ible domains are present in each turret subunit, including
a lower anchoring domain (* in Fig. 2C), an upper attach-
ment domain (# in Fig. 2C) and an upper constricting
domain (C in Fig. 2C), so named to reflect their structural
roles in the multifunctional turret (Zhang et al., 2002). Our
structures clearly show that only the anchoring domain
interacts with the capsid shell directly. The two distinct
sites of interaction are highlighted in blue on the flat
surface platform around the fivefold axis of the spikeless
reconstruction (Fig. 2E). Both interaction sites are lo-
cated distant from the fivefold axis but proximal to the
large protrusions on the capsid shell (Fig. 2E). The direct
visualization of this molecular boundary provided direct
structural evidence that helped the unambiguous assign-
ment of secondary structure elements in the turret and
capsid shell proteins visualized in the high-resolution
reconstruction of the full capsid (Zhang et al., 2002). The
integration of the structural information from the chemi-
cally treated capsids and the high-resolution reconstruc-
tion of the full capsid has led to the unraveling of the
molecular organization of the structural units on the
entire CPV capsid shell (Fig. 2F) (Zhang et al., 2002). An
overall sophistication in achieving maximum intermolec-
ular interactions is evident (Fig. 2F), as is probably re-
quired for the stability of CPV capsid, which lacks the
FIG. 3. Conformational changes of the CPV capsid shell associated with the loss of turrets. The corresponding central sectional slabs of 9.3 Å in
thickness were extracted from the intact empty capsid (A) and spikeless capsid (B) reconstructions and displayed at 0.5 times of the standard
deviation () above the average density. (C and D) The zoom-in views showing the region indicated by the red squares in (A) and (B), respectively.
The maps are displayed at 1 above the average densities except for densities inside the capsid shell (red), which are displayed at 0.5. A hole of
10 Å in diameter is present along the fivefold axis of the spikeless CPV capsid (indicated by the black arrow in D) but absent from the intact empty
capsid (indicated by the black arrow in C). The TEC (red) is present in the intact empty capsid but not in the spikeless capsid.
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outer protein layer that protects the infectious cores or
subcores of other viruses in the Reoviridae family.
Implication for protein–RNA and protein–protein
interactions
Although very little structural changes are evident for
the most part of their capsid shells, some major struc-
tural differences between the spikeless and intact empty
capsids were observed around the fivefold vertices, both
inside and outside the capsid shell (Fig. 3). These ob-
served structural differences are not due to artifacts of
imaging and reconstruction since the structures were
reconstructed from particles picked from the same
cryoEM micrographs. The TEC density, which is present
in the intact empty capsid reconstructed here (Fig. 3A)
and in the full CPV capsid (Zhang et al., 1999), was
absent in the spikeless capsid (Fig. 3B). Furthermore, the
central hole present at the vertices of the spikeless
capsid reconstruction (Fig. 3D) is not evident in neither
the intact empty particle reconstruction (Fig. 3C) nor the
dsRNA-containing full capsids (Zhang et al., 1999, 2002).
Therefore, the release of newly synthesized mRNA in
transcriptionally active viruses must involve a conforma-
tional change of capsid shell protein around the fivefold
vertices to enlarge the central pores along the fivefold
axes, which could be triggered by the structural changes
upon TEC transcriptional activation. The absence of TEC
in spikeless capsid implies that the turret complexes
may play a role in maintaining the attachment of TEC to
the capsid shell, as well as in achieving necessary struc-
tural flexibility and adaptability of the capsid shell around
the fivefold vertices during active replication.
MATERIALS AND METHODS
Chemical treatments of CPV capsids and assessment
by negative-stain electron microscopy
Bombyx mori cytoplasmic polyhedrosis virus (BmCPV)
capsids were purified from polyhedra as previously de-
scribed (Zhang et al., 1999). Briefly, fifth instar larvae of
Bombyx mori were infected with BmCPV by spraying a
suspension of polyhedra (108/ml) onto mulberry leaves.
Ten days after infection, midguts were removed from the
larvae and polyhedra were purified using a method mod-
ified from Hayashi and Bird (Hayashi and Bird, 1970). In
our procedure, 0.5% sodium dodecyl sulfate and 100
g/ml trypsin were used instead of the 1% sodium de-
oxycholate and an enzyme mixture (ribonuclease A, de-
oxyribonuclease, and trypsin, 50 g/ml each). We also
used 20 mM phosphate-buffered saline (PBS) buffer (pH
7.4) instead of the TK buffer (0.03 M Tris–HCl buffer, pH
7.5; 0.025 M KCl). The polyhedra were resuspended in 0.2
M sodium carbonate–sodium bicarbonate buffer (pH
10.8). After 1 h at 30°C, the pH was adjusted to 7.4 with
20 mM NaH2PO4 and the mixture was centrifuged at
10,000 g for 10 min. The virus particles were pelletted
from the supernatant at 90,000 g for 70 min. The pellet
was resuspended in PBS and purified by 4 ml 10–40%
(w/w) sucrose gradient centrifugation at 55,000 g for 1 h.
Virus-containing fractions were recovered. After diluted
with PBS, viral sample was pelletted again at 90,000 g for
70 min and resuspended in PBS.
The purified CPV was used for the chemical treat-
ments and electron microscopy examination. Aliquots of
the purified CPV capsids (5 l each) were incubated in
an acidic solution made with 0.2 M NaH2PO4 at pH 5.0 or
in a series of alkaline PBS buffer solutions at pHs 10.8,
11.8, 12.0, and 12.4 for different time intervals (5, 10, 15,
20, and 30 min) and at two different temperatures (4°C
and 37°C). Similar incubations were carried out in PBS
buffer solutions (pH 7.4) in the presence of 0.01% (w/v)
Triton X-100, NP-40 (0.01 and 0.005%), and urea (5.5, 5.0,
and 4.5 M). To prevent pH or concentration changes
upon addition of viral specimens, a 1:10 (v/v) capsid:
solution dilution ratio was used when adding the viral
preparation to the incubation solution. After the capsids
were incubated for different time intervals, a small ali-
quot (usually 2 to 3 l) of the reaction mixture was
applied to a carbon-coated copper EM grid and the
reaction was terminated and stained by washing with an
excess of 2% uranyl acetate solution. The effect of each
of these treatments on CPV capsid integrity was as-
sessed by examining the negative stain EM grid in a
Philips CM12 transmission electron microscope oper-
ated at 100 kV.
CryoEM and three-dimensional reconstruction of
spikeless CPV capsids
To increase the yield of spikeless capsids for struc-
tural comparison with intact capsids, CPV capsids were
subjected to consecutive incubation in low-pH solution
(0.2 M NaH2PO4, pH 5.0) and high-pH solution (0.2 M
Na2CO3–NaHCO3, pH 10.8) with 20 mM ethylenediamine-
tetraacetic acid (EDTA). About 30 l of purified intact CPV
capsids were first treated with 0.2 M NaH2PO4 (pH 5.0) at
room temperature for about 15 min. The capsid prep was
diluted 10 times with PBS (pH 7.4), pelleted using an
Airfuge (Beckman) desktop ultracentrifuge at 100,000 g,
and resuspended in an alkaline solution (0.2 M Na2CO3–
NaHCO3, pH 10.8) containing 20 mM EDTA. After a 15-
min incubation at 37°C, this solution was adjusted to
neutral pH by diluting 10 times in PBS (pH 7.4) and
subsequently concentrated for cryoEM by filtration using
Microcon YM-100 filters (Millipore).
CryoEM imaging was performed as described previ-
ously (Wu et al., 2000). A 3-l aliquot of the above chem-
ically treated CPV capsid prep was applied to a copper
EM grid coated with holey carbon film, quickly blotted
with filter paper, and plunged into liquid ethane so that
CPV capsids were embedded in the vitreous ice sus-
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pended across the holes of the holey carbon film. Im-
ages were recorded at a magnification of 30,000 at 100
kV in a JEOL1200 electron cryomicroscope equipped
with a liquid nitrogen-cooled cryo specimen holder (Ga-
tan Inc., Pleasanton, CA) with an electron dose of 10
electrons/Å2. Focal pairs of cryoEM micrographs were
recorded, with the first close-to-focus micrograph aimed
at 1.5 m underfocus and the second micrograph at
4.5 m underfocus.
Three-dimensional reconstruction and structural
visualization
Selected cryoEM micrographs were digitized on a
Zeiss SCAI microdensitometer (Z/I Imaging, Huntsville,
AL) at a step size of 4.667 Å on the specimen scale.
Corresponding CPV capsids on the focal pair micro-
graphs were boxed out into individual image files of
200  200 pixels using EMTOOL (Ludtke et al., 1999).
The defocus values of the micrographs were determined
by examining the contrast transfer function rings that
were visible in the incoherently averaged Fourier trans-
forms of particles images (Zhou et al., 1996). Those
particles with no recognizable surface protrusions based
on visual inspection of the far-from-focus micrograph
(e.g., Figs. 1B and 1C) of the focal pair were selected as
the initial set of “spikeless” particles. Conversely, only
those clearly exhibiting several surface protrusions but
devoid of electron-opaque dsRNA interior were chosen
as intact empty particles (Figs. 1B and 1D). These initial
selections of spikeless and intact capsids were further
refined by verifying the consistency of either the absence
(for spikeless particle) or the presence (for intact empty
capsid) of surface protrusions in the particle image and
projections computed from both spikeless and intact
empty capsid reconstructions along the orientation of the
particle. Those particles exhibiting inconsistencies were
eliminated from subsequent analyses.
The preliminary determination of the center and the
orientation parameters of the focal pair particles and
their subsequent refinement were carried out using pro-
cedures previously described (Zhou et al., 1995, 1998)
which are based on Fourier common lines. Only the
particle images in the close-to-focus micrographs were
included in the final reconstruction. Prior to merging of
particle images for 3D reconstruction using Fourier–
Bessel synthesis, the Fourier transform values of individ-
ual images were corrected for the contrast transfer func-
tion as described elsewhere (Zhou et al., 1999). The
effective resolutions of reconstructions were estimated
based on the Fourier shell correlation between two in-
dependent reconstructions being greater than 0.5 (Bo¨tt-
cher et al., 1997). The difference map was generated by
subtracting the 3D density map of the spikeless capsid
from that of the intact empty capsid. Three-dimensional
visualization was carried out using Iris Explorer (NAG,
Downers Grove, IL) with custom-designed modules.
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